Surface resistivity/conductivity of oxide–hydroxide compounds in inhibited seawater by optical interferometry  by Habib, Khaled
Journal of Saudi Chemical Society (2016) 20, S541–S546King Saud University
Journal of Saudi Chemical Society
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLESurface resistivity/conductivity of oxide–hydroxide
compounds in inhibited seawater by optical
interferometry* Tel.: +965 7956296; fax: +965 2543 0239.
E-mail address: khaledhabib@usa.net.
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.jscs.2013.03.010
1319-6103 ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Khaled Habib *
Materials Science Lab., Department of Advanced Systems KISR, P.O. Box 24885, SAFAT 13109, KuwaitReceived 21 January 2013; accepted 31 March 2013
Available online 6 April 2013KEYWORDS
Intermetallics;
Corrosion;
Electrical properties;
Non-destructive testingAbstract Optical interferometry techniques were used to measure the surface resistivity/conductiv-
ity of carbon steel samples in blank seawater and in seawater with different concentrations of a cor-
rosion inhibitor, without any physical contact. The measurement of the surface resistivity/
conductivity of carbon steel samples was carried out in blank seawater and in seawater with a con-
centration range of 5–20 ppm of RA-41 corrosion inhibitor, at room temperature. In this investiga-
tion, the real-time holographic interferometry was carried out to measure the thickness of anodic
dissolved layer or the total thickness, Utotal, of the formed oxide layer of carbon steel samples dur-
ing the alternating current (AC) impedance of the samples in blank seawater and in 5–20 ppm RA-
41 inhibited seawater, respectively. In other words, the surface resistivity/conductivity of carbon
steel samples was determined simultaneously by holographic interferometry, an electromagnetic
method, and by the Electrochemical Impedance (E.I) spectroscopy, an electronic method. In addi-
tion, a mathematical model was derived in order to correlate between the AC impedance (resis-
tance) and to the surface (orthogonal) displacement of the surface of the samples in solutions.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It is well known that conventional methods of measuring the
surface resistivity/conductivity of carbon steel samples were
based on direct current (DC) electrochemical methods, for sam-
ples of known oxide ﬁlm thickness (Uhlig, 1971). There are dis-advantages of using the DC electrochemical methods for
measuring the surface resistivity/conductivity of carbon steel
samples as compared to electromagnetic methods, i.e., holo-
graphic interferometry, with applications of the EIS technique
(AC method) for the anodic dissolution process. The DC elec-
trochemical methods are known to produce heat that might af-
fect the measurements of the surface resistivity/conductivity of
samples of high resistive oxide ﬁlms such as anodized aluminum
samples, metallic samples in high resistive environments, and
metallic samples in inhibited solutions (Uhlig, 1971), like the
present case. Therefore, a better approach of avoiding errone-
ousmeasurements of the surface resistivity/conductivity of sam-
ples is proposed in the present work. Electromagnetic methods,
Table 1 Chemical composition of blank seawater.
Parameter Maximum
(ppm)
Minimum
(ppm)
Normal seawater
(ppm)
Sodium 12433 11536 11860
Magnesium 1543 1490 1340
Potassium 459 469 410
Calcium 404 378 515
Copper 0.05 <0.05 –
Zinc 0.05 <0.05 –
Iron 0.5 <0.05 –
Manganese 0.1 <0.05 –
Chloride 22014 21933 20959
Sulfate 3272 3200 2650
Bicarbonate 161 156 130
Ammonia 1.13 0.02 –
Nitrate 0.025 0.002 –
Sulﬁde 0.2 0.005 –
Total Organic 8 8 –
Carbon – – –
Total HC 0.327 0.204 –
Silica 0.09 0.05 –
TDS 46300 44100 35840
Bromide 80 – 66
Floride 1.25 – 1.3
S542 K. Habibi.e., holographic interferometry, with applications of the EIS
technique (AC method) was proposed for avoiding the errone-
ousmeasurements of the surface resistivity/conductivity of sam-
ples of high resistive oxide ﬁlms such as anodized aluminum
samples, metallic samples in high resistive environments, and
metallic samples in inhibited solutions (Uhlig, 1971), like the
present case. The DC electrochemical methods can measure
the surface resistivity/conductivity of carbon steel samples only
after the completion of the anodic dissolution processes of the
carbon steel in solutions. In contrast, the holographic interfer-
ometry, with applications of the EIS technique (AC method),
can measure the surface resistivity/conductivity of carbon steel
samples in situ during the anodic dissolution processes. Also,
holographic interferometry, with applications of the EIS tech-
nique (AC method), is a powerful 3D-microscope for monitor-
ing the surface of carbon steel samples during the anodic
dissolution processes, in a microscopic scale.
In a previous work conducted by the author (Habib, 2004),
a mathematical model was derived in order to relate the elec-
trical resistance of the oxide ﬁlm on a solid metal sample to
the thickness of the oxide ﬁlm on the metal sample. The math-
ematical model can be described as the following:
R ¼ qUtotal=A ð1Þ
where, R is the direct current (DC) resistance of the oxide ﬁlm,
Ohm.q is the electrical resistivity of the oxide ﬁlm, Ohm-cm.A
is the exposed surface area of the sample to solution,
37.5 cm2.Utotal is the total thickness of the oxide ﬁlm which
can be obtained by holographic interferometry, a non-contact
technique, lm.Utotal can be determined as the following:
Utotal ¼ Nk=ðsin aþ sin bÞ ð2Þ
where, N is the number of fringes.k is the wavelength of the la-
ser light used in the experiment, for He–Ne laser light,
k= 0.6234 lm.a is the illumination angle, a= 51.2.b is the
viewing angle, b= 90, both a and b can be obtained from
the set up of the experiment. A detailed derivation of Eqs. (1)
and (2) is given elsewhere in the literature (Habib, 1993; Habib
et al., 1997).Eq. (1), can be used to determine the surface resis-
tivity/conductivity of carbon steel samples in aqueous solution
without any physical contact. This can be achieved by substi-
tuting the alternating current (AC) impedance (Z) in the place
of the direct current (DC) resistance (R) in Eq. (1). The substi-
tution of the value of Z in the place of the value of R is valid
when the Z value was measured by the technique of electro-
chemical impedance spectroscopy (EIS), at very low frequency,
at room temperature (EG&G, 1982). In other words, Eq. (1)
can be rewritten in a modiﬁed version of the following form;
jZj ¼ qUtotal=A ð3Þ
where; q is the electrical resistivity of the formed oxide layer of
carbon steel samples in inhibited seawater, Ohm-cm.Utotal is
the total thickness of the formed oxide layer of carbon steel sam-
ples in inhibited seawater.Or, Utotal is the total thickness of the
anodic dissolved layer of carbon steel samples in blank seawater,
which can be obtained by holographic interferometry, lm.
In this investigation, Eq. (3) was used for the ﬁrst time to
determine the surface resistivity/conductivity of the carbon
steel samples, along with the applications of the EIS technique
for the anodic dissolution processes, in blank seawater and in
seawater with a concentration range of 5–20 ppm of RA-41
corrosion inhibitor, at room temperature. In addition, Eq.(3) was used with the assumption that Utotal is the total thick-
ness of the formed oxide layer of carbon steel samples in inhib-
ited seawater or, Utotal is the total thickness of the anodic
dissolved layer of carbon steel samples in blank seawater. So,
one can measure the total thickness of the formed oxide layer,
Utotal, of carbon steel samples in 5–20 ppmRA-41 inhibited sea-
water solutions or the thickness of the anodic dissolved layer of
carbon steel samples in blank seawater, fromEq. (2). In themean
time, the alternating current (AC) impedance (Z) of the carbon
steel samples canbedeterminedby the techniqueof electrochem-
ical impedance spectroscopy (EIS) during the anodic dissolution
processes in solutions. Eventually, a correlation can be devel-
oped between the determined (AC) impedance (Z) (from EIS)
and the total thickness of the formedoxide layer, (Utotal), of sam-
ples (by holographic interferometry), fromEq. (3). So, a propor-
tionality constant (surface resistivity = q or surface
conductivity = 1/q= r) between the determined (AC) imped-
ance (Z) and the total surface displacement (by holographic
interferometry) can be obtained, without any physical contact
with least erroneous measurements.
2. Experimental works
Metallic samples of carbon steel, UNS No. 1020, were used in
this investigation. The chemical composition of the carbon steel
is 0.18–0.23% C, 0.3–0.6% Mn, and balanced Fe. The carbon
steel samples were fabricated in a rectangular form with dimen-
sions of 5 cm · 10 cm · 0.15 cm. Then, all samples were covered
by a black epoxy (polyamide tar) except one side of the samples.
The reason behind covering the samples by the black epoxy is to
isolate the surface area of the samples from contacting the sea-
water, while testing the bare side of the samples to corrosion in
seawater. At the beginning of each test, the carbon steel sample
was immersed in an aqueous solution for nearly 45 min. While
the sample was in the solution the corrosion potential was mon-
itored by a potentiometer with respect to the Saturated Colomel
Electrode (SCE), a reference electrode, until the steady state
Figure 1 A, B. EIS plots for the carbon steel sample in seawater with 10 ppm RA-41. (a) Represents the complex plane (Nyquist) plot
and (b) represents Bode plot.
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in blank seawater and seawater with an addition of 5–
20 ppm RA-41 corrosion inhibitor. The chemical composi-
tion of blank seawater is given in Table 1. The PH of blank
seawater, seawater with 5 ppm RA-41, seawater with 10 ppm
RA-41, and seawater with 20 ppm RA-41 is 8.24, 8.23, 8.22,
and 8.2, respectively. Then, a hologram of the sample was
recorded using an off axis holography, for more details refer
elsewhere (Habib et al., 1997) for the optical set up. In this
study, a camera with a thermoplastic ﬁlm was used to facil-
itate recordings of the real time-holographic interferometry
of the samples during the corrosion test. The camera is
HC-300 Thermoplastic Recorder made by Newport Corpora-
tion. For more details on the procedures of the experiment,
the reader is encouraged to refer to the literature elsewhere
(Habib, 1993; Habib et al., 1997). In the mean time, the
alternating current (A.C)-impedance measurements were re-
corded simultaneously with the optical holographic measure-ments by using the same sample. The A.C-impedance
measurements were conducted by using the ACM Gill 8AC
impedance system. The obtained data of the A.C-impedance
measurements were basically Nyquist plots and Bode plots
(EG&G, 1982). Nyquist plots are basically the real alternat-
ing current (A.C) impedance (z0) versus the imaginary alter-
nating current impedance (z00). However, Bode plots are
basically the logarithm of impedance (Z) and phase angle
(h) plotted versus the logarithm of frequency. Fig. 1a and
b shows an example of Nuquist and Bode diagrams of the
carbon steel sample in 10 ppm RA-41, respectively. The fre-
quency range of the EIS (given in Fig. 1a and b) was divided
into three regions with time as the followings:Interval 1-
from 100000 Hz to 13 Hz, from 1 to 5 min.Interval 2- from
13 Hz to 0.0304 Hz, from 5 to 15 min.Interval 3- from
.0304 Hz to .001 Hz, from 15 to 25 min.
From the obtained complex plane (Nyquist) plots, i.e., in
Fig. 1a, electrochemical parameters can be obtained by using
Figure 2 Progressive interferograms of a carbon steel sample in
seawater with 5 ppm RA-41 inhibitor as a function of time (a)
after 1 min, (b) after 3 min.
S544 K. Habibthe semi-circle ﬁtting method (EG&G, 1982). This can be
achieved by selecting the best ﬁtting for the semi-circle on
the complex plane (Nyquist) plot, by using a computer soft-
ware on the ACM Gill 8AC impedance system. In this investi-
gation, the A.C impedance (Z) values of the carbon steel
samples were determined from Bode plots at a frequency equal
to f= 0.16 Hz (at angular velocity w= 1 rad/s.), where,
w= 2pf. Then, the obtained A.C. impedance (resistance) val-
ues from Bode plots were used in Eq. (3) in order to determine
the surface resistivity of carbon steel samples. The A.C. imped-
ance values of the carbon steel samples tested in blank seawa-
ter and seawater with 5–20 ppm RA-41 inhibited seawater are
given in Table 2. It is worth noting that in each experiment, the
holographic interferograms were recorded as a function of
time, in which each test lasted for less than 30 min, the dura-
tion of the EIS measurement. Then, the thickness of the anodic
dissolved layer or the formed oxide layer was measured by Eq.
(2). Eventually, the surface resistivity of the carbon steel sam-
ples, in different seawater solutions, was determined by Eq. (3).
3. Results and discussion
Fig. 2a and b shows an example of progressive interferograms
of a carbon steel sample in seawater with 5 ppm RA-41 corro-
sion inhibitor as a function of time. Fig. 2a represents a real-
time interferogram of the sample after 1 min of the elapsed
time of the corrosion test, where seven fringes appeared on
the photograph. This indicates that the carbon steel sampleTable 2 Calculated parameters of carbon steel samples in 5–20 ppm
Seawater solution ppm
RA-41 inhibitor
concentration
AC impedance
|Z| (Ohms)
Tolal
displacement
(U) (lm)
Resistivit
OI (q) (O
0.0 ppm 3.6 · 103 3.525 1.0 · 10
5 ppm 0.212 · 103 3.35 2.4 · 106
10 ppm 1.215 · 103 2.1 2.2 · 107
20 ppm 1.7 · 103 0.6 1.1 · 108has oxidized right away after the sample immersion in seawa-
ter. This behavior is well known about the carbon steel in sea-
water (Uhlig, 1971). Fig. 2b is the same interferogram after
3 min of elapsed time of the corrosion test, where 18 fringes
were detected on the photograph. It is obvious from this pho-
tograph that there is a general chemical oxidation, depicted by
the uniform interferometric patterns. It is worth mentioning
that each fringe in Fig. 2 (dark line) accounts for an orthogo-
nal displacement equivalent to 0.3 lm according to mathemat-
ical models reported elsewhere (Habib, 1993; Habib et al.,
1997). In other words, holographic interferometry can be used
as a powerful tool, interferometric microscope, in the ﬁeld of
electrochemistry. By using data from interferograms such as
those in Fig. 2, one can measure the thickness of the anodic
dissolved layer or the formed oxide layer of the carbon steel
samples by Eq. (2). In the mean time, the A.C impedance
(Z) values of the carbon steel samples were determined from
Bode plots (EG&G, 1982), Fig. 1b, at a frequency equal to
f= 0.16 Hz (at angular velocity w= 1 rad/s.), where,
w= 2pf. Values of A.C. impedance obtained by electrochem-
ical impedance spectroscopy (E.I.S) are given in Table 2 with
respect to the ﬁnal thickness of the oxide layers of 3.525 lm,
3.35 lm, 2.1 lm, 0.6 lm of the carbon steel samples in blank
seawater, in 5 ppm RA-41 inhibited seawater, in 10 ppm RA-
41 inhibited seawater, and in 20 ppm RA-41 inhibited seawa-
ter, respectively. Eventually, a correlation was made between
the determined AC impedance (Z) (from EIS) and the surface
(orthogonal) displacement (Utotal) of samples (by holographic
interferometry), from Eq. (3). Consequently, a proportionality
constant (surface resistivity = q or surface conductivity =
1/q= r) between the determined (AC) impedance (Z) and
the total surface displacement (by the optical interferometry
techniques) was determined. The determined values of the
resistivity = q and conductivity = 1/q= r of the carbon steel
samples in different solutions are given in Table 2.
Table 2 shows that the thickness of the anodic dissolved, re-
moved, layer, of the carbon steel sample, is equal to 3.535 lm,
in blank seawater. The thickness of the removed layer of the
carbon steel sample in blank seawater is corresponding to an
A.C. impedance value of 3.6 · 103 Ohms. Furthermore, since
the thickness of the anodic dissolved layer of the carbon steel
sample has been removed from the surface of the sample, in
blank seawater, therefore, the corresponding value of the
resistivity to such layer remained the same as the value of
the resistivity of the carbon steel sample in air, around
1 · 105 Ohms-cm (Serway, 1998; Cornell and Schertman,
2003). Likewise, the conductivity value of such removed layer
remains the same as the value of the conductivity of the carbon
steel sample in air, around 1 · 105 Siemens/cm (Serway, 1998;
Cornell and Schertman, 2003). In contrast, the thickness of the
formed oxide layer of the carbon steel samples was found toRA-41 inhibited seawater.
y by
hms-cm)
Conductivity by
OI (a) (Siemens/cm)
Resistivity by
other source R.Serway (1998);
Cornell and Schertman (2003)
(q) (Ohms-cm)
5 1.0 · 105 –
4.2 · 107 1.0 · 109
4.5 · 108 1.0 · 109
9.1 · 109 1.0 · 109
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spect to 5 ppm, 10 ppm, and 20 ppm RA-41 inhibited seawater
solutions. This has probably occurred due to the inhibition ef-
fect of the increase of the RA-41 corrosion inhibitor in blank
seawater. In the meantime, the corresponding value of the
resistivity and A.C impedance to such formed oxide
layers was found to gradually increase from 2.4 · 106
Ohms-cm (and Z= 0.212 · 103 Ohms), 2.2 · 107 Ohms-cm
(and Z= 1.215 · 103 Ohms), and 1.1 · 108 Ohms-cm (and
Z= 1.7 · 103 Ohms) with respect to 5 ppm, 10 ppm, and
20 ppm RA-41 inhibited seawater solutions. This agrees well
with the relationship of Eq. (3), in which the resistivity value
has an inversely proportional relationship with the thickness
of the formed oxide layer on the carbon steel samples. In con-
trary, the conductivity value to such formed oxide layers was
found to gradually decrease from 4.2 · 107 Siemens/cm,
4.5 · 108 Siemens/cm, 9.1 · 109 Siemens/cm with respect to
5 ppm, 10 ppm, and 20 ppm RA-41 inhibited seawater solu-
tions. Also, this agrees well with the relationship of Eq. (3),
in which the conductivity value has a directly proportional
relationship with the thickness of the formed oxide layer on
the carbon steel samples. Furthermore, the determined value
range of the resistivity of the formed oxide layers,
2.4 · 106 Ohms-cm to 1.1 · 108 Ohms-cm, is found in a reason-
able agreement with the one found in the literature
(Cornell and Schertman, 2003) for Fe oxide–hydroxides, i.e.,
Goethite (a-FeOOH) and for Lepidocrocite (c-FeOOH),
1 · 109 Ohms-cm. The resistivity value of Goethite (a-FeOOH)
and for Lepidocrocite (c-FeOOH), 1 · 109 Ohms-cm, is
slightly higher than the resistivity value range of the formed
oxide layer, which was determined in this study. This is be-
cause the former value was determined by a DC method rather
than by an electromagnetic method, i.e., holographic interfer-
ometry, with applications of EIS, i.e., AC method. As a result,
erroneous measurements were recorded due to the introduc-
tion of heat to Fe oxide–hydroxides.
This led to a higher value of the resistivity (Cornell and
Schertman, 2003) of Goethite (a-FeOOH) and for Lepidocro-
cite (c-FeOOH)), 1 · 109 Ohms-cm, compared to the deter-
mined value range of the resistivity of the formed oxide
layers, 2.4 · 106 Ohms-cm to 1.1 · 108 Ohms-cm.
In addition, successful works on the carbon steel samples
were carried out in 5–20 ppm TROS C-70 inhibited seawater
(Habib, 2011a) and in 5–20 ppm KGR-134 inhibited seawater
(Habib, 2011b) in order to determine the resistivity/conductiv-
ity of formed oxide–hydroxides of the carbon steel samples.
In fact, the results of the present investigation on the carbon
steel samples in 5–20 ppm RA-41 Inhibited Seawater are in
agreement with the previous works (Habib, 2011a,b).4. Conclusions
The following conclusions have been drawn from the above
investigation:
1. The thickness of the anodic dissolved, removed, layer, of
the carbon steel sample, is equal to 3.535 lm, in blank
seawater. The thickness of the removed layer of the car-
bon steel sample in blank seawater is corresponding to
an A.C. impedance value of 3.6 · 103 Ohms.2. The corresponding value of the resistivity to such
removed layer remained the same as the value of the
resistivity of the carbon steel sample in air, around
1 · 105 Ohms-cm (Serway, 1998; Cornell and Schert-
man, 2003).
3. Likewise, the conductivity value of such removed layer
remains the same as the value of the conductivity of the
carbon steel sample in air, around 1 · 105 Siemens/cm.
4. In contrast, the thickness of the formed oxide layer of
the carbon steel samples was found to gradually
decrease from 3.35 lm, 2.1 lm, and 0.6 lm with respect
to 5 ppm, 10 ppm, and 20 ppm RA-41 inhibited seawa-
ter solution. This has probably occurred due to the inhi-
bition effect of the increase of the RA-41 corrosion
inhibitor in blank seawater.
5. The corresponding value of resistivity and A.C impedance
to such formed oxide layers was found to gradually increase
from 2.4 · 106 Ohms-cm (and Z= 0.212 · 103 Ohms),
2.2 · 107 Ohms-cm (and Z= 1.215 · 103 Ohms), and
1.1 · 108 Ohms-cm (and Z= 1.7 · 103 Ohms) with
respect to 5 ppm, 10 ppm, and 20 ppm RA-41 inhibited
seawater solutions.
6. The conductivity value of such formed oxide layers was
found to gradually decrease from 4.2 · 107 Siemens/
cm, 4.5 · 108 Siemens/cm, 9.1 · 109 Siemens/cm with
respect to 5 ppm, 10 ppm, and 20 ppm RA-41 inhibited
seawater solutions.
7. The determined value range of the resistivity of the
formed oxide layers, 2.4 · 106 Ohms-cm to 1.1 ·
108 Ohms-cm, is found in a reasonable agreement with
the one found in the literature (Cornell and Schertman,
2003) for the Fe oxide–hydroxides, i.e., Goethite (a-FeO-
OH) and for Lepidocrocite (c-FeOOH), 1 · 109 Ohms-cm.
8. The resistivity value of Goethite (a-FeOOH) and for
Lepidocrocite (c-FeOOH), 1 · 109 Ohms-cm, is slightly
higher than the resistivity value range of the formed
oxide layer, which was determined in this study.
9. This is because the resistivity values of Goethite (a-FeO-
OH) and for Lepidocrocite (c-FeOOH), 1 · 109 Ohms-
cm, were determined by a DC method rather than by
an electromagnetic method, i.e., holographic interferom-
etry, with applications of EIS, i.e., AC method.
10. As a result, erroneous measurements were recorded due
to the introduction of heat to Fe oxide–hydroxides. This
led to a higher value of the resistivity (Cornell and Schert-
man, 2003) of Goethite (a-FeOOH) and for Lepidocro-
cite (c-FeOOH) , 1 · 109 Ohms-cm, compared to the
determined value range of the resistivity of the formed
oxide layers, 2.4 · 106 Ohms-cm to 1.1 · 108 Ohms-cm.
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